In this study, we quantitatively investigated the XANES spectra of graphite and discussed the application of this device for XANES microscopy involving biological matter. Figure 1 shows a calculated atomic scattering factor of graphite for P-polarized X-rays on incident angle. The calculation is performed using the Hartree-Slater method described in the same issue
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As shown Figure 1 , graphite becomes transparent at the normal-incidence angle, because the electric vector of X-ray is perpendicular to the orientation π * molecular orbital and the transition is optically forbidden at the normal-incidence angle.
Taking notice of the optical properties just noted, we designed a graphite-based normal incident multilayer mirror for the carbon XANES region. To optimize the reflectance of the multilayer, we used Fresnel's recurrence equation and the calculated atomic scattering. Figure 2 shows the maximum reflectance of optimized metal/carbon and two different optimized metal/graphite layers, Ni/C device, W/graphite device and Ni/graphite device, each with 201 layers, for the case of normal-incidence X-rays. The two metal/graphite mirrors designed here are each expected to have a reflectance two to three times greater than that of a metal/carbon mirror in the XANES region of carbon. It has been believed that carbon compounds are not suitable for designing materials to probe the XANES region because inner-shell excitation processes involve 1s electrons of carbon. The results here, however, indicate that graphite has optical properties that can be exploited to design a multilayer in this region. Since amino acid molecules and nucleic bases in biological cells have several strong absorption lines caused by 1s-to-π * transition in the XANES region, X-ray microscopy can be used to observe an image of wet cells by showing the distribution of nucleic acids and proteins. The multilayer device proposed here will used in the construction of an X-ray lens such as a Schwarzschild objective. 
Non-member
It is well known that transitions such as 1s-to-π * transitions possess an angular dependence. In particular, the transition is optically forbidden at the normal-incidence angle because the electric vector of X-ray is perpendicular to the π * molecular orbital.
This means that compounds possessing π
Introduction
The 284eV to 320eV energy region is known as the XANES, (X-ray Absorptions Near to the Edge Structures) region of carbon (1) , which belongs to the water-window region (284-532eV) (2) . The water-window region is a region where X-rays are strongly absorbed by carbon atoms, but not by oxygen atoms. This means that X-rays can be used to obtain an absorption image of wet biological cells that is not obscured by the presence of water molecules. In fact, Zhang et. al. demonstrated that X-ray microscopy can be employed to study biological cells. Since amino acid molecules and nucleic bases in biological cells have several strong absorption lines caused by 1s-to-π * transition in the XANES region, X-ray microscopy can be used to observe an image of wet cells by showing the distribution of nucleic acids and proteins.
One especially important consideration in constructing X-ray microscopes is the choice of microscope objective. X-ray microscopes can be constructed using a Fresnel zone plate or other optical objectives, but it is especially desirable to use a Schwarzschild objective. This objective consists of two multilayer-coated mirrors, a concave mirror and a convex mirror, and possesses a spatial resolution of about several tenths of a nanometer. Among various objectives a Schwarzschild objective has the largest numerical aperture, the largest view field, and highest magnification (6) .
Although the benefits of using the objective in an X-ray microscope are clear, it has been difficult to do so because the reflectance values of the materials used so far have been too small. To design an X-ray multilayer mirror, pairs of different materials, A and B, are piled up alternatively on a substrate (Fig.1) . The materials must be transparent at a given wavelength, and there must be a large difference between the refractive indices of the two materials. Materials suitable for use in the carbon XANES region have not been proposed because most of atoms strongly absorb X-ray in the XANES region.
In a previous paper (7) , we investigated XANES spectra of carbon compounds. The spectra in XANES region are determined by inner-shell excitation processes, which correspond to resonance excitation of the carbon 1s electron to a π * molecular orbital (8) . Fig.  2 shows an interaction between a P-polarized X-ray and graphite. A π * -molecular orbital consists of a linear combination of p z -orbital of carbon atoms, which extends perpendicular to the hexagonal plane of graphite. When an X-ray with an electric vector parallel to the p z -orbital impinges the surface, 1s-to-π * transitions are induced because they allowed by the selection rules. In contrast, when an X-ray with an electric vector perpendicular to the p z -orbital impinges on the surface, the transition is forbidden. This means that graphite becomes transparent for the normal-incidence angle. Consequently, graphite is a suitable material with which to fabricate a multilayer device for probing the water-window region. In this paper, we design a metal/graphite multilayer mirror with high refractivity in the carbon XANES region. Furthermore, we discuss the application of this mirror for X-ray microscopy involving biological molecules, namely water-window XANES microscopy.
Design of X-Ray Multilayer
The X-ray multilayer can be designed using atomic scattering factors of the materials A and B at a given photon energy, i. e. wavelength (λ). Fig. 3 shows how X-rays interact with the surface of a multilayer. In the Fig. 3, (R m ) represents the complex reflectance of the multilayer for m-layer system, and is given by recurrence formula: ρ is an atomic density of material and r e the classical radius of the electron.
The task of designing a multilayer consists of determining the thickness of the layers with the maximum reflectance for the desired incident angle and wavelength. After putting design parameters (φ, λ and N m ) into Fresnel's equation, using numerical calculations we search for the combination of d A and d B which gives the maximum reflectance.
Optical Properties of Graphite in the XANES Region
To design the desired multilayer mirror, the optical constants of graphite, i. e. atomic scattering-factor F1 and F2 are needed (10) .
According to the calculation method given in our previous paper (7) , we obtained the atomic-scattering factors in the XANES region by the three-step procedure outlined below.
(1) The imaginary part of the atomic-scattering factors of carbon atom, namely, (F2) is calculated over the entire photon energy region, except for the XANES region using the Hatree-Slater method. In the calculation, we only considered ionization processes (11) .
(2) To obtain F2 spectrum for the whole energy region, we combined the calculated F2 with observed XANES values from the XANES region. We employed the observed XANES spectra for the P-polarization measured by Rosenberg et. al (12) . (3) We calculated the real part of the atomic-scattering factors, namely, F1, using the F2 values calculated in step (1) and the Kramers-Kronig relationship. Fig. 4 shows the dependence of the F1 and F2 spectra of graphite on the incidence angles. There is a strong XANES absorption line at an incidence angle of 60 degrees. This line corresponds to the 1s-to-π * inner-shell excitation process at a photon energy of 285.75eV. The F2 exceeds 6, and F1 oscillates between +2 to -5. As the incidence angle of the X-ray decreases, the absorption cross section of the line approaches 0. This distinct line disappears at the normal-incidence angle. In Fig.5 , the values of F1 and F2 at 285.75eV are plotted as a function of the incidence angle. This dependence can be explained by the dipole selection rule, and indicates that graphite is transparent to X-rays with photon energies around 285.75eV. Although a number of individuals have proposed the use of different materials, such as nickel and silicon, to fabricate a multilayer device to probe the water-window region, our proposal is the first to involve the use of graphite.
Results and Discussion
Using the calculated F1 and F2 of graphite together with the fact that graphite does not absorb normal-incidence X-rays around 285.75eV allowed us to design a normal-incidence metal/graphite X-ray multilayer device. Fig. 6 shows the maximum reflectance of an optimized W/graphite multilayer device with 201 layers for the case of normal-incidence X-rays of 285.75eV. The reflectance was optimized using the Fresnel's equation. The reflectance for S and P polarized X-rays is plotted as a function of the incident angle of the X-ray. As shown in Fig. 6 , the reflectance reaches 25% in the normal-incident region. Besides the W/graphite multilayer device, we also designed an optimized normal-incidence Ni/graphite multilayer device with 201 layers for all photon energies in the XANES regions. Fig.7 shows the calculated maximum reflectance plotted as a function of the photon energy. The solid line stands for Fig. 3 . Interaction of X-rays with the surface of a multilayer device the energy position of the carbon K-edge. As shown in Fig.7 , the Ni/graphite multilayer has a reflectance larger than 35% in the photon energy region below 290eV. The figure also indicates that this multilayer has a high reflectance in XANES region of carbon. It has been believed that carbon compounds are not suitable for designing materials to probe the water-window because inner-shell excitation processes involving carbon's 1s electron cause strong absorptions (13) . Our study, however, indicates that graphite has optical properties that can be exploited to design a multilayer mirror for use near the carbon K edge. Moreover, it was recently reported that uniform monolayer graphite film can be formed on Ni (111) surfaces using what it is known as the epitaxial growth method (14)(15) . This method enables one to pile up graphite layer-by-layer, which means that the thickness of the graphite layer can be controlled precisely.
As noted earlier, 1s-to-π * transitions have an angular dependence. Using the selection rules for this transition, two metal/graphite normal-incidence X-ray multilayer mirrors were designed. Both mirrors are each expected to have a reflectance two to three times greater than that of a metal/carbon mirror in the XANES region of carbon. This means that these mirrors can be used as a Schwarzschild objective in an X-ray microscope to observe an image of wet cells by showing the distribution of nucleic acids and proteins.
Conclusion
The designed mirrors are expected to have a reflectance of 35% in the water-window region. The 1s-to-π * transition of graphite causes a distinct angular dependency for incident X-ray near carbon K-edge. The transition is optically forbidden at the normal-incidence angle because the electric vector of X-ray is perpendicular to the π * molecular orbital. This means that graphite becomes transparent at the normal-incidence angle. The designed mirror has a reflectance of 35% in the XANES region of carbon region. Finally, we consider an application of the mirror to water-window XANES microscopy. 
